The somatosensory cortex remodels in response to sensory deprivation, with regions deprived of input invaded by neighboring representations. The degree of cortical reorganization is correlated with ongoing pain intensity, which has led to the assumption that chronic pain conditions are invariably associated with somatosensory cortex reorganization. Because the presentation and etiology of chronic pain vary, we determined whether cortical changes in human subjects are similar for differing pain types. Using functional and anatomical magnetic resonance imaging, we found that, while human patients with neuropathic pain displayed cortical reorganization and changes in somatosensory cortex activity, patients with non-neuropathic chronic pain did not. Furthermore, cortical reorganization in neuropathic pain patients was associated with changes in regional anatomy. These data, by showing that pain per se is not associated with cortical plasticity, suggest that treatments aimed at reversing cortical reorganization should only be considered for use in patients with certain types of chronic pain.
Introduction
A fundamental property of the human CNS is its ability to remodel. Limb amputation or complete sensory loss results in cortical functional plasticity, in which the region deprived of sensory input is now activated by stimulation of neighboring body regions; that is, the affected region displays functional reorganization. This functional reorganization appears to occur from both the unmasking of latent synapses and the growth of new connections (Merzenich et al., 1984; Birbaumer et al., 1997) . However, the consequences of such changes are varied, as cortical plasticity can result in beneficial or detrimental behavioral effects. For example, environmental enrichment can induce anatomical plasticity, such as altered dendritic ramification and dendritic spine numbers, which is associated with increased learning and memory (Rampon et al., 2000; van Praag et al., 2000) . In contrast, cortical plasticity as revealed by primary somatosensory cortex (S1) reorganization in conditions of complete sensory deprivation is associated with ongoing pain (Flor et al., 1995; Wrigley et al., 2009 ). Indeed, a significant relationship between the degree of S1 reorganization and pain intensity also occurs in nondeafferented pain conditions, such as lower back pain and complex regional pain syndrome (Maihöfner et al., 2003 ).
An increasing number of scientists hold the view that chronic pain is invariably associated with S1 functional reorganization (Vartiainen et al., 2009; Moseley and Flor, 2012) . That is, increased S1 activity both results in the perception of pain and drives a change in the relevant cortical representation (May, 2008) . However, few studies have reported increased S1 activity in chronic pain conditions and, furthermore, some evidence suggests that chronic pain following limb amputation and complete spinal cord injury is associated with shrinkage, not expansion, of the S1 representation (Lenz et al., 1987; Garraghty et al., 1991; Flor et al., 1995; Birbaumer et al., 1997; Wrigley et al., 2009; Klug et al., 2011) . If chronic pain induces or is caused by cortical plastic changes, then other non-neuropathic chronic pain conditions should also be associated with cortical reorganization and with S1 activity changes related to the degree of cortical plasticity. Whether all forms of chronic pain are associated with S1 reorganization is of significant clinical interest because novel treatment regimes aimed at altering cortical reorganization and consequently ongoing pain are being developed (Barker et al., 2008) .
The aim of this investigation is first to use functional magnetic resonance imaging (fMRI) to determine whether S1 reorganization occurs in both neuropathic and non-neuropathic pain conditions. Second, we will use diffusion tensor imaging (DTI) and quantitative arterial spin labeling (QASL) to determine whether any changes in S1 organization are related to changes in cortical anatomy and ongoing brain activity, respectively. If all chronic pain conditions are associated with cortical plasticity and the degree of plasticity is positively correlated to pain intensity, regional S1 microstructure, and ongoing activity, an individual's ability to form new connections may predispose that person to developing changes in the activity of pain-encoding areas and ultimately chronic pain.
Materials and Methods

Subjects
Fifteen patients with painful trigeminal neuropathy [PTN; 12 females; mean age, 50 Ϯ 2 years (ϮSEM)], 17 patients with painful temporomandibular disorder (TMD; 13 females; mean age, 44 Ϯ 3 years), and 53 healthy controls without facial pain (27 females; mean age, 41 Ϯ 2 years) were recruited for the study at the Faculty of Dentistry, Westmead Hospital, University of Sydney, Australia. All TMD patients were examined and diagnosed using the Research Diagnostic Criteria for TMD (Dworkin and LeResche, 1992) and all PTN patients were diagnosed using the Liverpool Criteria (Nurmikko and Eldridge, 2001) . TMD is thought to result primarily from the activation of peripheral nociceptors (Sarlani and Greenspan, 2005; Ro, 2008; Manfredini and Nardini, 2010) , although it may also contain a small neuropathic component. In contrast, PTN is commonly associated with a structural lesion or systematic disease and may result from direct trauma to the nerve. In contrast, trigeminal neuralgias are thought to result from neurovascular compression. Importantly, while trigeminal neuralgia is characterized by intermittent short episodes of sharp and shooting pain, PTN is characterized by episodic sharp and shooting pain combined with constant or long episodes of background aching and burning pain. In this manuscript, we refer to PTN as neuropathic and TMD as non-neuropathic because it has a relatively small neuropathic component if any at all. Informed written consent was obtained for all procedures and the study was approved by Institutional Human Research Ethics Committees of the University of Sydney.
Psychophysical measures
To assess the intensity of facial pain, each PTN and TMD subject rated his or her ongoing pain intensity immediately before the MRI scanning session with a vertical pencil stroke on a 10 cm horizontal line [visual analog scale (VAS); 0 cm ϭ "no pain" to 10 cm ϭ "maximum imaginable pain"]. In addition, each subject was asked to indicate, on 10 cm VASs his or her pain three times a day for the week before the scanning session ( pain diary). These pain diary values were averaged to provide an indication of each subject's chronic pain rating. Significant differences in pain intensities and durations between pain groups were assessed using the nonparametric Mann-Whitney U with p Ͻ 0.5 considered significant. Each TMD and PTN subject also completed a McGill Pain Questionnaire (MPQ) (Melzack, 1975) . The MPQ consists of a series of numerically graded adjectives in categories related to the sensory, affective, and motivational aspects of pain. Subjects were instructed to select a single item in each category if relevant to their present pain. Significant differences in the frequency of sensory descriptors chosen by each pain group were assessed using a 2 test with p Ͻ 0.05 considered significant. Finally, each patient also drew a distribution map of his or her ongoing pain onto a standard drawing of the face.
MRI acquisition
Two separate scanning series were performed. During the first series, subjects lay supine on the bed of a 3 T MRI scanner (Intera, Philips) with their head immobilized in a tight-fitting head coil. In 26 control and all PTN and TMD patients, multiple series of 130 gradient echo echo-planar fMRI image volumes using blood oxygen level-dependent contrast were collected. Each image volume contained 43 axial slices covering the entire brain (voxel, 1.95 ϫ 1.95 ϫ 3.00 mm thick; repetition time, 3000 ms; echo time, 40 ms). During each fMRI series, the lateral part of the lower lip, the distal pad of the little finger, or the distal pad of the thumb was brushed with a plastic brush at ϳ2 strokes/s. This stimulation paradigm was performed for a period of 10 fMRI volumes (30 s) following a baseline period of 10 fMRI volumes (30 s). This was repeated a further five times for a total of six stimulation and seven baseline periods. In control subjects, only the right side of the body was brushed. In all TMD and PTN subjects, the side ipsilateral to the highest ongoing pain was brushed. In addition, in six of seven PTN patients that displayed unilateral orofacial pain, the side contralateral to the pain was also brushed. A 3D T1-weighted image set was also collected (voxel size, 0.90 ϫ 0.90 ϫ 0.90 mm).
In 21 of the 26 controls and all TMD and PTN patients, using a singleshot multisection spin-echo echo-planar pulse sequence, four highresolution DTI sets covering the entire brain were collected (repetition time, 8788 ms; flip angle, 90°; matrix size, 112 ϫ 112; field of view, 224 ϫ 224 mm; slice thickness, 2.5 mm; 55 axial slices). For each slice, diffusion gradients were applied along 32 independent orientations with b ϭ 1000 s/mm 2 after the acquisition of b ϭ 0 s/mm 2 (b0) images. Four DTI series were collected separately for subsequent averaging.
During the second scanning series, in 10 TMD, 12 PTN, and 6 controls who participated in the first scanning session, as well as an additional 28 control subjects, whole-brain cerebral blood flow (CBF) maps were acquired using QASL. The pulsed ASL version, called quasar, was used for this study and the sequence and subsequent CBF quantification has been described in details previously (Petersen et al., 2006 (Petersen et al., , 2010 . In short, the sequence is a multislice, multiple time-points-capable sequence based on pulsed ASL and a Look-Locker readout. In addition, the sequence acquires data with and without vascular crushers (velocity cutoff, 4 cm/s), which enables the estimation of the arterial input function on a regional level. CBF is subsequently estimated by model-free deconvolution, similar to what is done for gadolinium perfusion scans (Petersen et al., 2006) . By adding a few dynamics at a lower flip angle, correct B1, T1, and M0 of tissue can be obtained, which are subsequently used for CBF quantification (Petersen et al., 2010) . General scan parameters were as follows: TR, 4000 ms; TE, 23 ms; ⌬TI, 300 ms, TI1, 40 ms; 13 inversion times, 40 -3640 ms; matrix, 64 ϫ 64; number of slices, 7; slice thickness, 6 mm; gap, 2 mm; field of view, 240 ϫ 240; flip angle; 35/11.7°; SENSE (sensitivity encoding), 2.5; 84 averages (48 with crusher, 4 cm/s; 24 without crushers; 12 low flip angle), all implemented in a single sequence with a scan duration of 5 min 52 s.
MRI analysis fMRI analysis. Using SPM8 (Friston et al., 1995) and FreeSurfer (Pleger et al., 2004) software, each subject's T1-weighted anatomical image set was spatially normalized to the Montreal Neurological Institute (MNI) template and segmented into gray, white, and CSF images. Using the gray-matter images, the left and right postcentral gyrus (S1) were automatically isolated in each individual subject. In each subject, the fMRI image sets were realigned and then coregistered to their own spatially normalized T1-weighted anatomical image set. The isolated postcentral gyrus obtained from the T1 anatomical image set was then used to isolate the postcentral gyrus in each individual subject's fMRI image sets. Visual inspection revealed highly accurate postcentral gyrus isolation in each subject and resulted in the fMRI analysis being restricted to each individual's gray matter of his or her S1. Global signal drifts in fMRI image sets were removed using the detrending method described by Macey and colleagues (2004) and images were finally spatially smoothed using a 6 mm full-width-at-half-maximum (FWHM) Gaussian filter. Significant increases in fMRI signal intensity were determined using a repeated box-car model convolved with hemodynamic delay function. Those voxels within the contralateral S1 that displayed significant increases in signal intensity (random effects, p Ͻ 0.05 familywise error corrected for multiple comparisons; minimum cluster size, 10 voxels) were determined. In each subject, the percentage change (relative to baseline periods) in signal intensity over time of a 4 mm sphere centered around the maximally activated voxel was determined and significant differences between groups assessed (2-tailed t test, p Ͻ 0.05).
Euclidean distances (EDs) were then calculated between a standard anatomical point in each individual subject (the point at which the central sulcus meets the longitudinal fissure at the dorsal aspect of the brain) and the maximally activated voxel within the contralateral S1 during each brushing paradigm. This procedure has been described in detail previously (Wrigley et al., 2009) . A Mann-Whitney U test was used to determine significant differences (SPSS software, IBM; p Ͻ 0.05) in the ED of S1 activations between control, TMD, and PTN subjects. In addition, a one-tailed Pearson's correlation test was used to determine significant ( p Ͻ 0.05) correlations between these EDs and the mean pain intensity scores on the day of scanning.
DTI analysis. The diffusion-weighted images were motion corrected, coregistered to one another, and averaged to increase signal-to-noise ratio. Using the 32 directions and b0 images, the diffusion tensor was then calculated using the method proposed by Basser and Pierpaoli (1996) . Once the elements of diffusion tensor were calculated, fractional anisotropy (FA) maps were derived and the images spatially normalized and smoothed (FWHM, 6 mm). Significant differences in FA within the contralateral S1 between control, TMD, and PTN subjects were determined (random effects, p Ͻ 0.05 familywise error corrected for multiple comparisons; minimum cluster size, 10 voxels; age and gender as nuisance variables). In addition, FA values within the contralateral S1 that were significantly correlated to the degree of cortical reorganization in PTN subjects were determined (r Ͼ 0.06, age and gender as nuisance variables). The degree of cortical reorganization in individual PTN subjects was calculated by subtraction of the mean ED during brushing of the thumb in healthy subjects and the individual ED in PTN subjects. Significant FA clusters were then overlaid onto an individual's T1-weighted anatomical image. For each cluster, the significance of the relationship between FA and degree of S1 reorganization was determined ( p Ͻ 0.05). Furthermore, these significant clusters were overlaid onto the FA images of control and TMD subjects and the mean (ϮSEM) FA values calculated and compared between groups (2-tailed t test, p Ͻ 0.05).
In the S1 region where the degree of reorganization significantly correlated to FA, the directional nature of structure was indicated on a polar plot with a vector corresponding to the direction of the principal eigenvector of the diffusion tensor. This vector indicates the predominant direction of water diffusion, and therefore is an indirect measure of axonal direction. To better understand the nature of those structural changes, we calculated the mean direction across voxels in regions that showed the greatest structural differences. We also indicated variation by displaying vectors of the mean plus or minus the median absolute deviation (in lieu of SD, which is complex for vectors) as well as individual voxel principal eigenvectors.
QASL analysis. We opened QASL images using custom software developed by Petersen and colleagues (2006) and created CBF maps. In addition, we created from the CBF maps anatomical (gray/white) image sets. These anatomical images were then coregistered to the T1-weighted anatomical image set collected at the same slice locations and the resulting parameters applied to the CBF maps. The T1-weighted anatomical images were then normalized to the standard MNI template and the normalization parameters applied to the CBF maps.
Significant differences in CBF within the contralateral S1 between control, TMD, and PTN subjects were determined (random effects, p Ͻ 0.05 familywise error corrected for multiple comparisons; minimum cluster size, 10 voxels; age and gender as nuisance variables). In addition, CBF values within the contralateral S1 that were significantly correlated to the degree of cortical reorganization in PTN subjects (mean ED during brushing of the thumb in healthy subjects and the individual ED in PTN subjects) were determined (r Ͼ 0.06; age and gender as nuisance variables). Significant CBF clusters were then overlaid onto an individual's T1-weighted anatomical image. For each cluster, the significance of the relationship between CBF and degree of S1 reorganization was determined ( p Ͻ 0.05). Furthermore, these significant clusters were overlaid onto the CBF images of control and TMD subjects and the mean (ϮSEM) CBF values calculated and compared between groups (2-tailed t test, p Ͻ 0.05).
Results
Pain distribution and quality
In most pain patients (n ϭ 22), their orofacial pain was restricted to areas innervated by the maxillary and mandibular divisions of the trigeminal nerve and was similar in intensity and duration in both groups (intensity TMD, 4.2 Ϯ 0.5; PTN, 3.8 Ϯ 0.5; p Ͼ 0.05; duration: TMD, 4.2 Ϯ 0.5 years; PTN, 3.8 Ϯ 0.5 years; p Ͼ 0.05). Eight PTN and 14 TMD patients had bilateral orofacial pain where as the remaining 7 PTN and 3 TMD patients had orofacial pain restricted to one side (Tables  1, 2 ). In addition, 8 PTN patients and 12 TMD patients also described low-level pain outside the orofacial region. In TMD patients, pain often also occurred in the neck and shoulders, whereas in PTN patients, it occurred at disparate body sites. There was no significant difference in pain duration in the PTN compared with TMD groups ( p ϭ 0.13).
Using the MPQ to assess the sensory aspects of pain, it was found that descriptions PTN patients had for their pain differed from the descriptions of pain offered by the TMD patients. PTN All patients fulfilled the criteria for PTN according to the Liverpool Criteria (Nurmikko and Eldridge, 2001 ).
patients most often described their pain as "aching," "stabbing," and "sharp," whereas TMD patients described their pain as "throbbing," "pressing," and "tender" (Fig. 1) . Furthermore, PTN patients chose the descriptors "aching" and "stabbing" significantly more often than TMD patients, and TMD patients in describing their pain chose "throbbing, "tender," and "taut" significantly more often than PTN patients did.
S1 functional organization
In all subjects, innocuous brushing of the lip, thumb, and little finger resulted in a lateral-to-medial pattern of activation within the contralateral postcentral gyrus (S1), consistent with the well described somatosensory homunculus. In all groups, brushing was perceived as innocuous. Although the general organization of S1 activation was similar in all three groups, there were significant differences in the precise locations of S1 activations (Table  3) . In control subjects, innocuous brushing of the lip, thumb, and little finger resulted in regional activations within the contralateral postcentral gyrus that were centered (mean Ϯ SEM) 71.4 Ϯ 1.1, 64.6 Ϯ 1.5, and 59.6 Ϯ 2.4 mm from the vertex of the central sulcus, respectively. A similar set of activations also occurred in TMD patients (lip, 71.9 Ϯ 1.4 mm; thumb, 64.5 Ϯ 2.0 mm; little finger, 61.8 Ϯ 3.3 mm; p Ͼ 0.05; 2-tailed, 2-sample t test). That is, TMD patients did not display S1 functional reorganization (Fig.  2) . In direct contrast, in PTN subjects, although the location of the lip activation was not significantly different from that of controls, the locations of the thumb and little finger activations were shifted mediodorsally compared with controls (lip, 69.8 Ϯ 1.6 mm; thumb, 55.4 Ϯ 2.7 mm; little finger, 53.0 Ϯ 2.8 mm; p Ͻ 0.05; 2-tailed, 2-sample t test for thumb and little finger). That is, PTN patients displayed a significant S1 functional reorganization in which the area representing the ongoing pain (lip) appeared to expand. Furthermore, in six PTN patients with unilateral orofacial pain, brushing on the side of the body contralateral to the ongoing pain revealed no significant change in ipsilateral S1 organization relative to controls (lip, 65.4 Ϯ 3.2 mm; thumb, 57.6 Ϯ 2.1 mm; little finger, 56.7 Ϯ 1.7 mm; p Ͻ 0.05, 2-tailed, 2-sample t test for thumb and little finger). Finally, although PTN patients displayed significant S1 reorganization, there was no significant relationship between the change in locations during thumb or little finger brushing and pain intensity during scanning (thumb, r ϭ 0.22; little finger, r ϭ Ϫ0.30; p Ͼ 0.05), pain diary (thumb, r ϭ 0.11; little finger, r ϭ 0.01; p Ͼ 0.05), or pain duration (thumb, r ϭ Ϫ0.48; little finger, r ϭ Ϫ0.14; p Ͼ 0.05). 
S1 sensitivity
In addition to assessing the locations of maximally activated voxels, the sensitivity of S1 to innocuous activation was also assessed. In control subjects, innocuous brushing of the lip, thumb, and little finger evoked signal intensity increases within the contralateral S1 of ϳ1.5% (lip, 1.6 Ϯ 0.1%; thumb, 1.8 Ϯ 0.2%; little finger, 1.2 Ϯ 0.1%) (Fig. 3) . In direct contrast, in patients with either nociceptive (TMD) or neuropathic (PTN) orofacial pain, brushing evoked S1 signal intensity increases that were significantly reduced. That is, the contralateral S1 was less sensitive in patients with chronic orofacial pain (TMD: lip, 1.2 Ϯ 0.1%; thumb, 1.1 Ϯ 0.1%; little finger, 0.8 Ϯ 0.1%; PTN: lip, 1.2 Ϯ 0.2%; thumb, 1.2 Ϯ 0.2%; little finger, 0.9 Ϯ 0.1%) ( p Ͻ 0.05, 2-sample t test).
S1 reorganization and baseline activity
To determine whether increased ongoing activity was responsible for the cortical reorganization seen in PTN patients, baseline CBF within S1 was assessed using QASL imaging. Compared with controls, PTN patients displayed a significant reduction in CBF in the region representing the area of ongoing pain (i.e., the lower face) (Fig. 4 A, middle) . In direct contrast, TMD patients did not display any difference in CBF within the contralateral S1 (Fig. 4 A,  left) . Reduced CBF within the face representation was also seen in PTN compared with TMD patients (Fig. 4 A, right) . In addition, we assessed whether the degree of S1 reorganization that occurred in PTN patients was related to the level of ongoing activity (Fig. 4 B) . We found a significant positive correlation between the degree of S1 reorganization and ongoing CBF. That is, the greater the S1 reorganization, the greater the ongoing activity. These data suggest that, in individuals with no or little reorganization, CBF is well below baseline levels. Meanwhile, those with high levels of reorganization have CBF levels above control levels. In contrast, we found that CBF was not significantly correlated to pain intensity during scanning (r ϭ 0.28; p Ͼ 0.05), pain diary (r ϭ 0.30; p Ͼ 0.05), or pain duration (r ϭ 0.31; p Ͼ 0.05). Finally, further confirming the lack of CBF change within the contralateral S1 of TMD patients, we found that the region that displayed a significant relationship between CBF and S1 reorganization in PTN patients displayed no CBF change in TMD patients.
S1 reorganization and anatomy
To determine whether S1 reorganization was associated with a change in regional anatomy, the anatomy of contralateral S1 was assessed using diffusion-weighted imaging. Compared with controls, PTN patients displayed a significant reduction in FA, an indicator of altered microstructure, in the region representing the lower face (Fig. 5A, middle) . In direct contrast, TMD patients did not display any difference in FA within the contralateral S1 (Fig.  5A, left) . Reduced FA within the face representation was also seen in PTN patients compared with TMD patients (Fig. 5A, right) .
In addition, we assessed whether the degree of S1 reorganization that occurred in PTN patients was related to underlying brain anatomy (Fig. 5B) . We found a significant positive correlation between the degree of S1 reorganization and FA. That is, the greater the degree of S1 reorganization, the greater the change in S1 anatomy. FA was not significantly correlated to pain intensity during scanning (r ϭ 0.49; p Ͼ 0.05), pain diary (r ϭ 0.42; p Ͼ 0.05), or pain duration (r ϭ 0.35; p Ͼ 0.05). To further confirm the lack of FA change within the contralateral S1 of TMD patients, we found that the region displaying a significant relationship between FA and S1 reorganization in PTN patients, displayed no FA change in TMD patients. Finally, in the region of S1 in which the degree of reorganization was significantly correlated to FA, the directional nature of structure was indicated with Plots of mean (ϮSEM) Euclidean distances in millimeters from the point at which the central sulcus meets the midline to the maximally activated voxel in the contralateral S1 during innocuous brushing of the lip, thumb, and little finger in control (red), painful TMD (dark blue), and PTN (light blue) groups. In direct contrast to PTN, TMD is not associated with a change in S1 organization. Asterisks indicate significant differences ( p Ͻ 0.05, Mann-Whitney U ) in the location of S1 activations in PTN compared with controls (red) and TMD (dark blue) subjects. a vector indicating the directionality of the tissue organization (the principal eigenvector). Although the tissue organization in terms of directionality was similar in control and TMD patients, PTN patients showed much less consistent directional organization of tissue. That is, in all three planes, the variability of eigenvectors was considerably greater in PTN subjects compared with control and TMD subjects (Fig. 6 ).
Discussion
Over 25 years ago, it was shown in the owl monkey that digit amputation led to a reduction in the S1 region representing the amputated digit as neighboring representations "invaded" (Merzenich et al., 1984) . Since this initial report, many investigators have reported functional reorganization of human S1 following various forms of deafferentation, such as limb amputation and complete spinal cord injury (Kaas, 1991; Flor et al., 1995 Flor et al., , 1997 Maihöfner et al., 2003; Wrigley et al., 2009; Henderson et al., 2011) . Despite these findings, close inspection reveals that, in some individuals, deafferentation is not associated with significant cortical plasticity, whereas in others, a seemingly identical injury results in a significant change in cortical representations. Surprisingly, it was revealed in the mid-1990s that the degree of S1 reorganization that occurs following deafferentation is closely associated with the development of chronic pain. That is, those individuals that display significant cortical plasticity are more likely to develop chronic pain (Flor et al., 1995) .
Since this first report, many have described a significant relationship between cortical plasticity and chronic pain. Our data show that, while neuropathic orofacial pain is associated with S1 reorganization, non-neuropathic orofacial pain is not. There is some evidence to suggest that acute pain in healthy controls can result in S1 reorganization (Sörös et al., 2001) . Given this, we expected that TMD patients would display increased S1 activity and a concurrent S1 reorganization. However, non-neuropathic orofacial pain, besides failing to display S1 reorganization, showed no association with changes in S1 microstructure or blood flow, two measures that were significantly altered in patients with neuropathic orofacial pain. Indeed, over the past few decades, various investigations have reported increases, decreases, or no change in S1 activity in various chronic pain conditions (Lenz et al., 1987; Garraghty et al., 1991; Klug et al., 2011) . Our data suggest that S1 activity is not essential for the persistent perception of pain and increased S1 inputs may be required for reorganization to occur. A lack of constant S1 activity in TMD patients may be the reason why they do not display cortical reor- Figure 3 . S1 activation during innocuous lip brushing. Signal intensity increases within the contralateral S1 during brushing of the little finger, thumb, and lower lip in control (red), painful TMD (dark blue), and PTN (light blue) groups. Plots of mean (ϮSEM) signal intensity changes over time are derived from a 4 mm sphere around the maximally activated voxel in each individual subject. The vertical gray bars indicate periods of innocuous brushing. To the right are plots of mean (ϮSEM) signal intensity change during the brushing periods compared with baseline. Although the pattern and magnitude of the signal intensity changes appear similar, there is a significant reduction in the magnitude of S1 activation in both the TMD and PTN groups compared with controls (*p Ͻ 0.05, 2-tailed t test).
ganization. Indeed, it is possible that whether the condition is neuropathic or non-neuropathic in nature may be of little importance. Instead, the critical factor for the cortex to undergo functional reorganization may be whether there is constant S1 input.
Close inspection of previous investigations also reveals that the direction of S1 reorganization associated with pain is inconsistent. We have previously found that complete spinal cord injury is associated with contraction of the lower body S1 representation (Wrigley et al., 2009) . A similar situation occurs following limb amputation (Flor et al., 1995) . In direct contrast, the present study shows in a neuropathic pain condition that does not involve deafferentation, trigeminal neuropathy, the S1 representation representing the thumb moves away from that of the lip. Similarly, it has been reported that painful carpel tunnel syndrome is associated with an increased representation of the painful digits (Napadow et al., 2006) and use-dependent enlargements of cortical representations, including those in response to increased innocuous tactile stimulation, have been shown to occur in many sensory systems (Hodzic et al., 2004) . In contrast, complex regional pain syndrome, a non-deafferented pain condition, is associated with contraction of the relevant cortical representation (Maihöfner et al., 2003; Pleger et al., 2004) , although this condition involves significant decreases in the use of the painful region, which may itself affect S1 organization. Thus, both the extent and direction of cortical reorganization associated with different forms of chronic pain are highly variable, strongly suggesting that pain itself does not result in S1 reorganization.
Furthermore, the sensitivity of S1 is variable in different pain conditions. We found that both neuropathic and non- . S1 activity and chronic pain. A, Overlays showing areas in which baseline CBF was altered in patients with painful TMD and PTN. Axial slice locations in MNI space coordinates are indicated at the top right of each image. Note that, whereas TMD patients display no significant CBF change in the contralateral S1 in comparison with controls, PTN patients display a significant CBF reduction in comparison with controls and TMD patients in the S1 region representing the lip. B, Overlays showing areas in which baseline CBF was significantly correlated with the degree of S1 reorganization in PTN patients (hot color scale). The plot of CBF (difference relative to controls) and degree of S1 reorganization on the lower left shows this significant positive correlation. Negative values indicate CBF is below control levels. The significantly correlated region overlaps with (1) the region activated by innocuous lip brushing (green shading) and (2) the region in which baseline CBF is significantly reduced in PTN patients (cool color scale). The plot of mean (ϮSEM) CBF on the lower right shows that in the region in which CBF is reduced in PTN patients, CBF is not altered in TMD patients.
neuropathic orofacial pain are associated with decreased S1 sensitivity to innocuous tactile stimuli. Others have reported similar decreases in S1 sensitivity to innocuous stimuli in patients with trigeminal neuropathic pain (Dancause et al., 2005) , trigeminal neuralgia (Darian-Smith and Gilbert, 1995) , and complex regional pain syndrome (Davis et al., 1998 ). It appears that chronic pain is associated with general reduction of S1 processing, indicating a long-term modulation of somatosensory function, even in patients who do not display changes in S1 organization, anatomy, or ongoing activity.
Several stages of cortical reorganization have been proposed. Initially, unmasking of normally inhibited connections may occur within minutes of the initial injury (Calford and Tweedale, 1988; Garraghty et al., 1991; Rossini et al., 1994) and result in small shifts in cortical organization (Ͻ2-3 mm).
Furthermore, particularly following deafferentation, S1 input may lessen as neuronal connections that no longer innervate tissue degenerate, resulting in a reduction in S1 blood flow. Subsequently, during a second, slower phase, structural changes, such as axonal sprouting, may occur, resulting in a significant shift in S1 functional organization in the order of 1-2 cm. This may lead to a partial recovery of both blood flow and cortical volume, particularly in those individuals who develop pain. Indeed, our previous findings suggest long-term S1 graymatter volume recovery in individuals with complete spinal cord injury . These series of changes could account for the CBF changes seen in the PTN patients in the present study and may account for the variations in baseline blood flow reported in numerous chronic pain investigations. . S1 anatomy and chronic pain. A, Overlays showing areas in which FA was altered in patients with painful TMD and PTN. Axial slice locations in MNI space are indicated at the top right of each image. Note that, whereas TMD patients display no significant change in the anatomy of the contralateral S1, PTN patients display a significant reduction in FA, an index of microstructure, in the region of S1 representing the lip. B, Overlays showing areas in which FA was significantly correlated with the degree of S1 reorganization in PTN patients (hot color scale). The plot of FA and degree of S1 reorganization on the lower right shows this significant positive correlation. Also note that this significantly correlated region overlaps with the region activated by innocuous lip brushing (green shading). Further, the region in which baseline FA is significantly reduced in PTN patients (cool color scale) overlaps the region activated by lip brushing. The plot of mean (ϮSEM) FA on the lower left shows that, in the region in which FA is reduced in PTN patients, FA is not altered in TMD patients.
Figure6
. Principaleigenvectorsassociatedwithsomatosensorycortexreorganization.Principaleigenvectorsincontrol,painfulTMD,andPTNpatientsintheS1regioninwhichFAincreasesasS1reorganizationincreased (i.e.,theregionrepresentingthelip).Themean(blue)principaleigenvectorsandmedianabsolutedeviations(lightgreen)areshowninthetoppanelfortheaxial,coronal,andsagittalplanes.Thelowerpanelintheaxial,coronal, andsagittalplanesshowsplotsofindividualeigenvectorscolorcodedfordirection.Notethat,althoughthemeanandindividualeigenvectorsaresimilarincontrolandTMDpatients,inPTNpatientsthesizeandvariationin directionareconsiderablydifferent.Thatis,inallthreeplanes,thevariabilityofeigenvectorsisconsiderablygreaterinPTNpatientscomparedwithcontrolsandTMDpatients.
In addition, we found changes in S1 microstructure (i.e., FA) that were positively correlated to reorganization. FA is a measure of the direction and ease of water movement and, in white matter, increases as fibers become more uniform in their direction. In gray matter, FA can be affected by changes in neural organization, such as the ramification of dendrites or axon terminals, or nonneural changes, such as alterations in the vascular pattern or gliosis. Although the positive relationship between FA and S1 reorganization in PTN patients results from long-term changes in blood vessels or gliosis, it is also possible that this relationship results from neural changes, such as the expansion of cortical lateral connections, a similar result to that seen following complete spinal cord injury . Evidence of axonal sprouting following injury exists in other sensory systems and even between sensory and motor systems Gilbert, 1994, 1995; Dancause et al., 2005) . Furthermore, plots of the tissue directionality within the lip region revealed that, although the mean and individual eigenvectors are similar in control and TMD patients, in PTN patients the size and variation in direction are considerably different. These data may result from the growth of lateral connections, although non-neural elements may also have an effect. We previously found similar diffusion changes in patients with complete spinal cord injuries .
It is also possible that subcortical structures may play a significant role in S1 reorganization. Thalamic reorganization occurs following sectioning of peripheral afferents (Garraghty et al., 1991) , sensory thalamus stump representations expand in amputees (Davis et al., 1998) , and, following complete spinal cord injury, ventral thalamus cells that would normally respond to inputs from upper extremities respond to inputs from the neck and occiput (Lenz et al., 1987) . Since neuropathic pain conditions are associated with changes in thalamic anatomy and biochemistry (Pattany et al., 2002; Gustin et al., 2010 Gustin et al., , 2011 and thalamic lesions often result in neuropathic pain (Klit et al., 2009) , changes in thalamic function may result in neuropathic pain by altering firing patterns of thalamocortical loops (Sarnthein and Jeanmonod, 2008) .
Limitations
It is possible that TMD is associated with S1 organizational, structural, or blood flow changes too subtle to be detected by our MRI techniques. Given the multiple preprocessing steps required for group MRI analysis, including the application of Gaussian filters, it is possible that changes in the order of millimeters could have gone undetected in TMD patients. Indeed, it appears that TMD is associated with some form of S1 alteration given that, along with PTN patients, S1 in TMD patients displayed decreased sensitivity to innocuous brushing compared with pain-free controls.
A number of our orofacial pain patients also described pain in other body regions. It is possible that these pains also affected our results, although one could argue that, because TMD patients had more widespread pain that often included the neck, the S1 region representing the neck should have shown even greater functional reorganization. In addition, although there was no significant difference in pain durations, TMD patients on average had their pain for a greater duration than PTN patients, which may have affected our results. Although again one could speculate that the TMD patients should have greater functional reorganization if chronicity per se was the cause of such alterations in cortical structure.
Conclusions
Our data have revealed that, while patients with neuropathic pain display cortical reorganization and associated changes in somatosensory cortex activity and anatomy, patients with nonneuropathic chronic pain do not. These data, by showing that pain per se is not associated with cortical plasticity, suggest that treatments aimed at reversing cortical reorganization should only be considered for use in patients with certain types of chronic pain.
